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We study the collider phenomenology of the electroweak phase transition and electroweak baryo-
genesis in the framework of the effective field theory. Our study shows that the effective theory using
the dimension-6 operators can enforce strong first order phase transition and provide sizable CP
violation to realize a successful electroweak baryogenesis. Such dimension-6 operators can induce
interesting Higgs phenomenology that can be verified at colliders such as the LHC and the planning
CEPC. We then demonstrate that this effective theory can originate from vector-like quarks and
the triplet Higgs.
PACS numbers: 98.80.Cq,12.60.-i
I. INTRODUCTION
A longstanding problem in particle physics and cosmology is to unravel the origin of baryon asymmetry of the
universe (BAU), which is quantified by the baryon-to-photon ratio η = nB/nγ = 6.05(7)× 10−10 [1, 2]. The current
value η is obtained from investigations of the big bang nucleosynthesis or the power spectrum of the cosmic microwave
background radiation. To generate the BAU (baryogenesis), it needs three necessary conditions, i.e. baryon number
violation, C and CP violation, and departure from equilibrium dynamics or CPT violation [3]. To satisfy the three
conditions for baryogenesis, many possible mechanisms, such as Planck-scale baryogenesis, GUT baryogenesis, Affleck-
Dine baryogenesis, leptogenesis, and electroweak (EW) baryogenesis have been proposed [4], but after the discovery
of the 125 GeV Higgs boson [5, 6] at the LHC, EW baryogenesis [7, 8] becomes a popular and testable scenario for
explaining the BAU [9], wherein the BAU is driven by the EW sphaleron (baryon number violation) and the generation
of CP asymmetry (C and CP violation) at the time of the EW phase transition (departure from equilibrium dynamics).
For efficient production of BAU, a strong first order phase transition (SFOPT) and sizable CP violation are necessary.
However, in the standard model (SM), the 125 GeV Higgs boson is too heavy for a SFOPT [9], and the CP violation
from CKM matrix is too weak.
Another urgent problem in particle physics after the discovery of the Higgs boson is to explore the true shape of
the Higgs potential, the nature of the EW spontaneous symmetry breaking, and the type of the EW phase transition.
However, the current experiments at the LHC only provide us with a rough picture of these problems. For the
Higgs potential, we know nothing but the quadratic oscillation around the vacuum expectation value (vev) v with the
125 GeV mass. Understanding these problems can also help to understand the above EW baryogenesis problem.
To provide both the SFOPT and sizable CP violation for EW baryogenesis, we follow the effective field theory (EFT)
approach in Refs. [10–14]) to realize the EW baryogenesis by introducing dimension-6 operators −xiju φ
†φ
Λ2 q¯Liφ˜uRj +
H.c. − κΛ2 (φ†φ)3 in this paper. The dimension-6 operators will modify the shape of the Higgs potential and yield
distinctive signals at the LHC, such as the different Higgs pair production behavior. Due to experimental precision
of the LHC, LHC may only give some hints and be difficult to precisely test this type of EW baryogenesis scenario.
However, the Circular Electron-Positron Collider (CEPC)[15] has the ability to precisely test this type of the EW
phase transition and the EW baryogenesis, which is the main goal of the CEPC. Detailed discussions on testing the
EW phase transition and the EW baryogenesis will be given in the following. For completeness, a renormalizable
extension model is given to obtain the needed dimension-6 operators for the EW baryogenesis.
In Sec. II, we describe the effective operators in the EFT framework, and show that the dimension-6 operators can
change the Higgs potential, realize the SFOPT, and provide the CP violation source for the EW baryogenesis. In
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2Sec. III, we discuss the collider phenomenology of this EW baryogenesis scenario induced by the dimension-6 operators
at the LHC and the future CEPC, especially the Higgs phenomenology. In Sec. IV, the possible renormalizable model
is given. Finally, we conclude in Sec. V.
II. AN EFFECTIVE THEORY FOR EW BARYOGENESIS
In this paper, the EFT approach is adopted to provide the needed SFOPT and CP violation for the EW baryogenesis.
This allows us to derive model-independent predictions and constraints on the EW baryogenesis using the following
effective operators:
Leff = LSM +Σi 1
Λdi−4
κiOi, (1)
where di are the dimensions of the new operators, and Oi are invariant under the SM gauge symmetry and contain
only the SM fields. The parameters κi is the Wilson coefficient, which can be determined by matching the full theory
to the effective operators. Λ is the cutoff energy scale, at which the effective theory breaks down.
A. The effective Lagrangian
In addition to the relevant Lagrangian of the Higgs sector in the SM
LSM ⊃ −yiju q¯Liφ˜uRj +H.c.− µ2φ†φ− λ(φ†φ)2 , (2)
we commence our study on the EW baryogenesis from the effective Lagrangian with the following dimension-6 oper-
ators [10–14]:
δL = −xiju
φ†φ
Λ2
q¯Liφ˜uRj +H.c.−
κ
Λ2
(φ†φ)3 , (3)
where φ is the Higgs doublet field and φ˜ = iτ2φ
∗. qL and uR are the left-handed quarks and the right-handed up-type
quarks, respectively. Thus,
φ(1, 2,− 12 ) =
[
φ0
φ−
]
, qL(3, 2,+
1
6 ) =
[
uL
dL
]
, uR(3, 1,+
2
3 ) .
(4)
Here and hereafter the brackets following the fields describe the transformations under the SU(3)c×SU(2)L×U(1)Y
gauge group. The effective Lagrangian in Eq. (3) can be obtained in many models beyond the SM, such as some
strong dynamics models. In Sec. IV, a renormalizable model is given. The early study of the SFOPT using the (φ†φ)3
effective opertor was first given in Ref. [10], and the recent studies can be found in Refs. [16–23].
B. SFOPT and the true Higgs potential
From Eqs. (2) and (3), the potential of the Higgs boson field can be written as
V (φ) = µ2φ†φ+ λ(φ†φ)2 +
κ(φ†φ)3
Λ2
. (5)
By introducing the non-renormalizable term (φ†φ)3 in the potential, the SFOPT may be realized. When the SFOPT
is considered, we can simplify the potential by substituting φ with h/
√
2:
Vtree(h) =
1
2
µ2h2 +
λ
4
h4 +
κ
8Λ2
h6. (6)
Using the methods in Refs. [24, 25], the full finite-temperature effective potential up to one-loop level is composed of
three parts,
Veff(h, T ) = Vtree(h) + V
T=0
1 (h) + ∆V
T 6=0
1 (h, T ), (7)
3FIG. 1: The schematic diagram of the Higgs potential for SFOPT at different temperatures.
where Vtree(h) is the tree-level potential, V
T=0
1 (h) is the Coleman-Weinberg potential at zero temperature, and
∆V T 6=01 (h) is the leading thermal correction including the daisy resummation. However, in this scenario, the dominant
contribution for the SFOPT comes from the tree level barrier as shown in Fig. 1, and thus the effective potential with
finite temperature effects can be approximated as
Veff(h, T ) ≈ 1
2
(
µ2 + c T 2
)
h2 +
λ
4
h4 +
κ
8Λ2
h6. (8)
The finite temperature effects are included in the coefficient c of the thermal mass with
c =
1
16
(g′2 + 3g2 + 4y2t + 4
m2h
v2
− 12κv
2
Λ2
), (9)
where g and g′ are the SU(2)L and U(1)Y gauge couplings, and yt is the top quark Yukawa coupling in the SM. To
keep the observed Higgs boson mass mh = 125 GeV and the vev v , λ and µ
2 should be changed as
λ =
m2h
2v2
(
1− Λ
2
max
Λ2
)
, (10)
µ2 =
m2h
2
(
−1 + Λ
2
max
2Λ2
)
, (11)
with Λ˜max ≡
√
3κv2/mh. In the limit Λ→∞, λ and µ2 are recovered to the SM cases as
λ(Λ→∞) = m
2
h
2v2
, (12)
µ2(Λ→∞) = −m
2
h
2
. (13)
The Higgs potential in Eq. (6) could trigger the desired spontaneous symmetry breaking as in the SM. To realize
the SFOPT, it needs µ2 + c T 2 > 0 to make the EW-symmetric vacuum stable, λ < 0 to reverse the potential, and
the h6 term to stabilize the EW-broken vacuum as shown in Fig. 1. In order to guarantee the SFOPT, λ must
be negative under the above approximation, and thus, from Eq. (10), we obtain an upper bound on Λ, namely
Λ < Λ˜max ≈ 840
√
κ GeV. From the requirements of perturbativity, κ < 4π. If we choose a larger κ, we can get a
larger upper bound Λ˜max. For example, if κ = 12.5, then Λ˜max = 3 TeV. This large upper bound leaves large space
to discuss the phenomenology at the 14 TeV LHC.
Using the standard techniques in the study of the EW baryogenesis, we obtain the phase transition critical tem-
perature Tc and the washout parameter v(Tc)/Tc as the following:
Tc =
√
λ2Λ2 − 4κµ2
2
√
cκ
, (14)
v(Tc)
Tc
=
2Λ
√−cλ√
λ2Λ2 − 4κµ2
. (15)
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FIG. 2: The dependence of the washout parameter and the modification of the trilinear Higgs boson coupling on Λ/
√
κ.
Tc > 0 gives a lower bound Λ˜min ≡ Λ˜max/
√
3 =
√
κv2/mh. For mh = 125 GeV, this gives Λ˜min ≈ 480
√
κ GeV.
After including the full one-loop results as given in Refs. [17, 21], the dependence of the washout parameter on
Λ/
√
κ is shown in Fig. 2, and it shows that the washout condition for the SFOPT,
v(Tc)
Tc
& 1, (16)
can be easily satisfied roughly from 550 to 890 GeV. For instance, taking Λ/
√
κ = 620 GeV, the washout parameter
v/Tc = 2.6 for the full one-loop case and v/Tc = 2.8 for the leading thermal approximation case. It is worth noticing
that for Λ/
√
κ . 550 GeV, the phase transition will not occur by the “metastability” [21] and for Λ/
√
κ > 840 GeV,
the parameter λ becomes positive. Thus, after considering the full one-loop results and the metastability, the allowed
range changes from the approximation result 480 GeV < Λ/
√
κ < 840 GeV to roughly 550 GeV . Λ/
√
κ . 890 GeV.
An interesting consequence is that the requirement of the SFOPT would lead to obvious modification of the trilinear
Higgs boson coupling as
Lhhh = − 1
3!
(1 + δh)Ahh
3, (17)
where Ah = 3m
2
h/v is the trilinear Higgs boson coupling in the SM, and δh is the modification of the trilinear Higgs
coupling induced by the dimension-6 operator. In this scenario, δh roughly varies from 0.6 to 1.5 in the allowed
parameter space as shown in Fig. 2. Hints of the large deviation of the trilinear Higgs coupling may be seen at the
14 TeV LHC, and its precise probe may be obtained in the future CEPC [26–28], which will be discussed in details
below.
C. CP violation source
Besides the SFOPT, the BAU also needs sizable source of CP violation, which can be provided by the dimension-6
operator −xiju φ
†φ
Λ2 q¯Liφ˜uRj +H.c. in Eq. (3). For simplicity, only the top quark is considered in this paper. Therefore,
this effective operator can induce the anomalous top quark Yukawa coupling v
2
2Λ2h[Re(x
ij
u )t¯t + i Im(x
ij
u )t¯γ
5t]. For
simplicity, we denote Re(x33u ) = a and Im(x
33
u ) = b. Then the CP violation source from Eq. (3) can be rewritten as
v2
2Λ2
h(at¯t+ ibt¯γ5t). (18)
To avoid the non-minimal flavour violation [29, 30], we assume that xiju = 0 except for x
33
u 6= 0. Hence, the Lagrangian
for the effective interaction between the top quark and the Higgs boson is parameterized as
L = −mt
v
ht¯(1 + δ+t + iδ
−
t γ
5)t, (19)
with
δ+t =
av3
2Λ2mt
, (20)
5and
δ−t =
bv3
2Λ2mt
. (21)
The iγ5 term is CP-odd, and would provide the CP violation source for the EW baryogenesis. And thus, the top
quark acquires a complex mass inside the bubble walls, which is expressed as [31, 32]
mt(z) =
mt
v
(1 + δ+t + iδ
−
t γ
5)h(z) ≡ |mt(z)|eiΘ(z). (22)
Here, z is just the coordinate transverse to the bubble wall, and Θ is the CP violation phase. Using the approximate
method with the more recent and complete transport equations in Refs. [32–34], the baryon asymmetry is given by1
ηB =
405Γsph
4π2vwallg∗T
∫
dz µBLfsph e
−45Γsph|z|/(4vwall), (23)
which depends on the sphaleron washout parameter vc/Tc, the bubble wall velocity vwall, the bubble wall thickness
Lwall, and so on. Here, fsph ≈ min(1, 2.4T/Γsphe−40v/T). Preliminary numerical estimation gives a rough estimation
on the anomalous top quark Yukawa coupling as
δ−t = O(0.01− 1) , (24)
which can provide sizable CP violation source for a successful EW baryogenesis. Due to the fact that the exact
calculations of the baryon asymmetry ηB rely on the improvements of the non-perturbative dynamics, such as the
bubble wall dynamics, we can only obtain a rough constraint on the anomalous top quark Yukawa coupling from
ηB and we will discuss how to constrain the anomalous coupling from experiments in particle physics, where more
accurate constraints might be obtained.
III. COLLIDER PHENOMENOLOGY FROM THE LHC TO THE CEPC
From the above discussions on the EW baryogenesis induced by the dimension-6 operators in Eq. (3), we see that
the realization of the EW baryogenesis will lead to obvious modifications of the trilinear Higgs boson coupling and
the top quark Yukawa coupling on the SM values, which may leave hints at the 14 TeV LHC, and further be precisely
tested at the future CEPC. The deviations due to Eq. (3) can be written as
− L = 1
3!
(
3m2h
v
)
(1 + δh)h
3 +
mt
v
ht¯(1 + δ+t + iδ
−
t γ
5)t . (25)
In the SM, δh = δ
+
t = δ
−
t = 0.
A. Collider phenomenology at the LHC
Now, we discuss the constraints and possible signals of the anomalous couplings δh, δ
+
t , and δ
−
t at the LHC. Firstly,
we consider the phenomenology of the anomalous top quark Yukawa coupling.
In low energy experiments, the CP-odd top Yukawa coupling is constrained from the electron electric dipole moments
(EDM), neutron EDM, and Hg EDM, etc taking into account all uncertainties in the low energy matrix elements[13, 35–
39]. Among these low energy experiments, the electron EDM give the strong constraints δ−t < O(0.01), but depends
on the so far not measured SM electron Yukawa coupling. Introducing new baryogenesis unrelated CP violation
source [40, 41] or modifying the electron Yukawa coupling can relax the stringent constraints from the electron EDM.
The neutron EDM does not suffer from the electron Yukawa coupling (it can be induced purely from the interaction
1 The expressions of the baryon asymmetry in Refs. [32, 34] are based on the more recent result in Ref. [33], which improves the result
in Ref. [21] with the more recent and complete transport equations. The baryon asymmetry expression in Ref. [33] is obtained in the
wall frame. In this work, we focus on the study of the collider phenomenology rather than the transport details, which are given in
Refs. [21, 33].
6FIG. 3: The sample leading order Feynman diagrams for the Higgs boson pair production induced by the top quark loop at
the 14 TeV LHC.
of the top quark and Higgs boson) and its bound, including all uncertainties, roughly gives δ−t < O(0.1), which still
leaves room for successful baryogenesis. The Hg EDM gives no constraints anymore after the uncertainties are taken
into account. Detailed discussion on the cancellations between the EDM with a CP violation Higgs sector can be
found in Ref. [30]. In the following discussions, we assume that the constraints from the EDMs are relaxed and
investigate the collider constraints.
The modifications of the anomalous top quark Yukawa coupling would also affect the single Higgs production
gg → h and the Higgs pair production gg → hh via gluon fusions and the Higgs decay to photons h→ γγ at hadron
colliders. It is possible to constrain the deviations to be of O(0.1) at the LHC [42]. The anomalous top quark Yukawa
coupling would modify the Higgs couplings to gg and γγ. The loop induced Higgs couplings ghgg and ghγγ can be
parameterized as [42–44]
g2hgg/g
2
hgg,SM ≃ (1 + δ+t )2 + 0.11δ+t (1 + δ+t ) + 2.6(δ−t )2, (26)
g2hγγ/g
2
hγγ,SM ≃ (1− 0.28δ+t )2 + (0.43δ−t )2. (27)
Unlike the associated Higgs production, both CP-even and CP-odd top quark Yukawa couplings enter the Higgs decays
to gg and γγ. It can be seen that δ−t has important contribution to ghgg from Eq. (26). The numerical constraints
will be discussed in the subsection of CEPC below.
Meanwhile, these three deviations will modify the behavior of the Higgs boson pair production at the LHC. The
sample Feynman diagrams for the Higgs boson pair production are shown in Fig. 3. The kinematic invariants are
defined as sˆ = (pa + pb)
2, tˆ = (pa + pc)
2, and uˆ = (pb + pc)
2 with pa + pb + pc + pd = 0. And we also define the
following kinematic variables:
S = sˆ/m2t , T = tˆ/m2t , U = uˆ/m2t , ρc = m2h/m2t , T1 = T −ρc, U1 = U −ρc, P(sˆ) =
3m2h
sˆ−m2h + imhΓh
.
Using FeynCalc [45], the partonic differential cross section for the g(pa)g(pb)→ h(pc)h(pd) process can be obtained
as
dσˆ(gg → hh)
dtˆ
=
G2Fα
2
s
512(2π)3
{∣∣∣(1 + δh)(1 + δ+t )P(sˆ)FA△ + (1 + δ+t )2FAA + (δ−t )2FBB ∣∣∣2
+
∣∣∣(1 + δ+t )δ−t GAB ∣∣∣2 + ∣∣∣(1 + δ+t )2GAA + (δ−t )2GBB ∣∣∣2
+
∣∣∣(1 + δh)δ−t P(sˆ)FB△ + (1 + δ+t )δ−t FAB ∣∣∣2
}
, (28)
where FA△ , F
AA

, FBB

, FB△ , F
AB

, and GAA

are the corresponding form factors:
FA△ =
2
S
{
2 + (4 − S)m2tCab
}
, (29)
FAA

=
1
S2 (4S + 8Sm
2
tCab − 2S(S + 2ρc − 8)m4t (Dabc +Dbac +Dacb)
+ (2ρc − 8)m2t (T1Cac + U1Cbc + U1Cad + T1Cbd − (T U − ρ2c)m2tDacb)), (30)
GAA

=
1
S(T U − ρ2c)
((T 2 + ρ2c − 8T )m2t (SCab + T1Cac + T1Cbd − STm2tDbac)
7+ (U2 + ρ2c − 8U)m2t (SCab + U1Cbc + U1Cad − SUm2tDabc)
− (T 2 + U2 − 2ρ2c)(T + U − 8)m2tCcd
− 2(T + U − 8)(T U − ρ2c)m4t (Dabc +Dbac +Dacb)), (31)
FB△ = −2m2tCab, (32)
FAB

= −2m4t (Dabc +Dbac +Dacb), (33)
GAB

=
1
S(T U − ρ2c)
((U2 − ρ2c)m2t (SCab + U1Cbc + U1Cad − SUm2tDabc)
− (T 2 − ρ2c)m2t (SCab + T1Cac + T1Cbd − STm2tDbac)
+ ((T + U)2 − 4ρ2c)(T − U)m2tCcd
+ 2(T − U)(T U − ρ2c)m4t (Dabc +Dbac +Dacb)), (34)
FBB

=
1
S2 (4S + 8Sm
2
tCab − 2S(T + U)m4t (Dabc +Dbac +Dacb)
+ 2ρcm
2
t (T1Cac + U1Cbc + U1Cad + T1Cbd − (T U − ρ2c)m2tDacb)), (35)
GBB

=
1
S(T U − ρ2c)
((T 2 + ρ2c)m2t (SCab + T1Cac + T1Cbd − STm2tDbac)
+ (U2 + ρ2c)m2t (SCab + U1Cbc + U1Cad − SUm2tDabc)
− (T 2 + U2 − 2ρ2c)(T + U)m2tCcd
− 2(T + U)(T U − ρ2c)m4t (Dabc +Dbac +Dacb)). (36)
The definitions of the scalar integrals Cij and Dijk can be found in the appendix. In the case of δ
+
t = δ
−
t = 0, there
has been extensive study on extracting the δh from LHC data [46–55]. If we further let δh = 0, the differential cross
section here can reduce to the SM case as in Refs. [56, 57].
The cross section of the Higgs boson pair production depends on all the three anomalous couplings δh, δ
+
t , and δ
−
t ,
which are all related to the energy cutoff Λ. By convoluting the partonic cross section in Eq. (28) with the parton
distribution function G(x, µf )g/P , the differential cross section at hadron level becomes
σ(PP → hh) =
∫
dxadxbG(xa, µf )g/PG(xb, µf )g/P σˆ(gg → hh). (37)
The numerical results of the normalized invariant mass distributions for the Higgs boson pair are shown in Fig. 4,
which is very different from the SM case for the sample points δh = 1, δ
+
t = 0, δ
−
t = 0.1 and δh = 1, δ
+
t = 0, δ
−
t = 0. In
the SM, it only has one peak located at about 400 GeV. But in this EW baryogenesis scenario, it has two peaks, one
peak located at about 260 GeV, and the other one located at about 420 GeV. This character of the invariant mass
distribution of the Higgs boson pair can be used to test this EW baryogenesis scenario induced by the dimension-6
operators. Due to the difficulties to suppress the backgrounds at the hadron colliders, it will be difficult to completely
pin down these anomalous couplings at the 14 TeV LHC, even with 3000 fb−1 integrated luminosity. Exploiting the
boosted tricks may help to increase the ability to extract the anomalous coupling. More precise constraints may come
from the future CEPC experiments.
B. Collider phenomenology at the CEPC
Further, we discuss how to precisely test this EW phase transition and EW baryogenesis scenario at the CEPC,
where the measurements are of great precision.
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FIG. 4: The normalized invariant mass distribution of the Higgs boson pair for PP → hh at the 14 TeV LHC. The solid black
line represents the result for SM. The red dashed line represents the result for EWBG with δh = 1, δ
+
t = 0, δ
−
t = 0.1, and the
green line represents the result for EWBG with δh = 1, δ
+
t = 0, δ
−
t = 0.
1. Anomalous trilinear Higgs coupling
An interesting approach is to test these new interactions at next-leading order (NLO) in the associated hZ pro-
duction [58, 59]. The advantage of this method is that the measurement of the hZ production cross section will be
precise as O(0.1%) ∼ O(1%) at future e+e− colliders [60, 61]. Although this test for new Higgs self interaction is
indirect and may suffer from some theoretical uncertainties [58], it is still a good guide for the future e+e− collider to
search for the shape of the Higgs potential and the mechanism of EW baryogenesis.
Firstly, we give the NLO e+e− → hZ cross section in the SM. Here, the NLO e+e− → hZ cross section is
calculated in the on-mass-shell renormalization scheme [62] and includes both radiative corrections from weak and
electromagnetic processes as
σNLO = σBorn + σweak + σEM, (38)
where σBorn is the Born cross section at tree level, σweak is the weak correction, and σEM includes contributions from
the virtual photon correction to the eeZ vertex and real initial state radiations. We calculate σEM in the phase space
slicing approach as [63, 64]
σEM = σvir + σsoft + σcoll + σfinite, (39)
where σvir is the virtual correction, σsoft describes the contribution of the soft photon emissions with the energy
Eγ < ∆E, σcoll contains the contribution of photons collinear to the beam line with Eγ > ∆E and sin θγ < sin(∆θ),
and σfinite includes the remaining correction from the hard photons with Eγ > ∆E and sin θγ > sin(∆θ). σNLO would
not depend on the two cut parameters ∆E and ∆θ, which are introduced to divide the phase space. Here we do not
consider the contribution from real photons beyond O(α), which may be important near the threshold region with√
s ∼ mh +mZ [64].
We use the packages FeynArts [65], FormCalc [66], and LoopTools [67] to calculate NLO corrections. Fig. 5 shows
the NLO e+e− → hZ cross section σhZ in the SM. Detailed investigations can be found in Refs. [68, 69]. It can be
seen that the full NLO correction at
√
s = 250 GeV reduce σhZ by a factor of ∼ 0.1.
In general, the hZZ coupling and σhZ could be modified by the anomalous Higgs trilinear coupling, anomalous top
quark Yukawa coupling, and even other additional operators in new physics. The generic discussions can be found in
Ref. [58]. The deviation of σhZ can be defined as
δσ =
σhZ
σSMhZ
− 1. (40)
At the CEPC with
√
s = 240 GeV, the contribution to δσ given by the anomalous Higgs trilinear coupling is much
larger than that given by the anomalous top quark Yukawa coupling [70]. The UV divergences related to δh from
different diagrams are automatically canceled. Assuming δ±t = 0, δσ is given as a function of δh in Fig. 6. We can
see that δσ is approximately proportional to δh as δσ ≃ 1.6δh% at
√
s = 240 GeV. For the future CEPC with an
integrated luminosity of 10 ab−1, the precision of σzh can be 0.4% [71]. Therefore, it is possible to test |δh| ∼ 25%.
In our EW baryogenesis scenario with sufficient SFOPT, δh ∈ (0.6, 1.5), which is well within the precision of CEPC.
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s = 240 GeV. The dashed lines denote the sensitivity to δσ for an integrated luminosity of 10 ab
−1.
2. Anomalous top Yukawa coupling
In this subsection, we investigate the effect of the anomalous top quark Yukawa coupling. In general, the scattering
amplitude describing interactions between the Higgs and gauge bosons can be parameterized by [37]
A(hV V ) =
1
v
(g0m
2
V ǫ1ǫ2 + g
+fµνf
µν + g−fµν , f˜µν), (41)
where fµν = ǫµqν − ǫνqµ is the field strength with the polarization vector ǫ and momentum q, and f˜µν = 12ǫµναβfαβ
is the dual field strength tensor. The anomalous top quark Yukawa couplings enter the hZZ and hZγ vertices and
the Higgs wavefunction counter term as shown in Fig. 7, and contribute to the g+ and g− terms in Eq. (41). The
NLO correction comes from the interference between the g0 term at tree level and the g
+ and g− terms at one loop
level.
We find that the interference term between the tree level amplitude and the amplitude contributed by the CP-odd
top quark Yukawa coupling δ−t vanishes. Therefore this CP-odd coupling does not affect σhz at NLO. In principle, it
will contribute to σhz at NNLO with a suppression factor of ∼ (α/4π)2, but this contribution would be very small and
beyond the CEPC sensitivity. Nonetheless, the anomalous CP-even top quark Yukawa coupling δ+t can alter σhz at
NLO. The vertex corrections introduce a divergence ∝ δ+t , which is canceled by the divergence ∝ δ+t from the Higgs
wave function counter terms in Fig. 7(b). We treat the counter terms that are proportional to (δ+t )
2 as higher order
contributions and do not include them in the calculation.
In Fig. 8, we show the cross section deviation δσ as a function of δ
+
t at
√
s = 240 GeV, assuming δh = 0. We find
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FIG. 7: Feynman diagrams describing NLO corrections to e+e− → hZ from the anomalous top quark Yukawa interaction,
including the corrections to the hZγ and hZZ vertices (a) and to the Higgs wave function (b).
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FIG. 9: δσ/δ
+
t as a function of
√
s for the e+e− → hZ process.
that δσ ≃ −0.54δ+t %. If σhz can be determined to an accuracy of 0.4%, the anomalous coupling would be limited to
be |δ+t | . 74%. We also give the energy dependence of δσ/δ+t in Fig. 9. We can see that δσ/δ+t increases with
√
s. At
a collider with
√
s = 500 GeV, such as ILC, δσ ≃ 1.8δ+t %. Then it is possible to determine |δ+t | down to ∼ 56% with
a σhz accuracy of 1% in this indirect approach. If we also let δh free, δσ at the CEPC would vary in the δ
+
t -δh plane
as demonstrated in Fig. 10. The anomalous couplings would be constrained within the two black solid lines if a data
set of 10 ab−1 is collected.
The anomalous top quark Yukawa coupling would also modify the Higgs couplings to gg and γγ. Therefore, the
precise measurements of the Higgs partial decay widths could set limits on δ+t and δ
−
t . The deviation of a specified
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FIG. 10: The modification of the e+e− → hZ cross section in the δ+t -δh plane at the CEPC with
√
s = 240 GeV. The sold lines
denote the sensitivity to δσ for an integrated luminosity of 10 ab
−1.
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FIG. 11: (a) Contours of δσ (dot-dashed), Γhgg/Γ
SM
hgg (dotted), and Γhγγ/Γ
SM
hγγ (dashed) in the δ
+
t -δ
−
t plane. (b) Contours of
δσ (dot-dashed), Rhgg (dotted), and Rhγγ (dashed) in the δ
+
t -δ
−
t plane.
Higgs decay width ΓhXX can be described by the signal strength
RhXX =
σhZ · Br(h→ XX)
[σhZ · Br(h→ XX)]SM =
σhZ
σSMhZ
ΓhXX
ΓSMhXX
ΓSMtot
Γtot
, (42)
where σh is the Higgs production cross section, and Γtot is the total Higgs decay width. At the CEPC with an
integrated luminosity of 5 ab−1, it is possible to determine Rhgg and Rhγγ up to precisions of ∼ 1.6% and ∼ 9%,
respectively [15]. In Fig. 11, we show Γhgg/Γ
SM
hgg, Γhγγ/Γ
SM
hγγ, Rhgg, Rhγγ , and δσ in the δ
+
t -δ
−
t plane, assuming δh = 0.
We can see that Higgs decay measurements with an accuracy of 5% will set stringent limits on the anomalous top
quark Yukawa couplings up to O(10%).
IV. RENORMALIZABLE MODELS
The dimension-6 operators in Eq. (3) can be induced from certain renormalizable extensions of the SM. In this
section we shall demonstrate a class of realistic models with vector-like quarks and a triplet Higgs.
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FIG. 12: One-loop diagram mediated by the Higgs triplet Σ without hypercharge for generating the dimension-6 coupling of
the Higgs doublet φ.
A. The models with an [SU(2)L]-triplet Higgs without hypercharge
We first consider the models with an [SU(2)L]-triplet Higgs scalar with a zero hypercharge,
Σ(1, 3, 0) =
[ 1√
2
σ0 σ+
σ− − 1√
2
σ0
]
= Σ† . (43)
The Lagrangian involving the Higgs triplet Σ should be
δL = −ξΣ(φT iτ2Σφ˜+H.c.) +
1
2
Tr[(DµΣ)†DµΣ]
−1
2
M2ΣTr(Σ
2)− 1
4
ζΣ[Tr(Σ
2)]2 − 1
2
κΣφ
†φTr(Σ2) ,
(44)
where the covariant derivative is given by
DµΣ = ∂µΣ− ig
[τa
2
W aµ ,Σ
]
. (45)
Before the EW symmetry breaking, the Higgs triplet Σ can mediate a one-loop diagram as shown in Fig. 12 to induce
the dimension-6 coupling of the SM Higgs doublet φ,
L ⊃ − 1
Λ2Σ
(φ†φ)3 with ΛΣ =
4
√
2π
κΣ
√
κΣ
MΣ . (46)
For a proper choice of the parametersMΣ and κΣ, we can fulfill the requirements of the cutoff scale Λ in the previous
discussion. For example, we can take
MΣ = 500GeV and κΣ = 5 ⇒ ΛΣ ≃ 795GeV . (47)
In order to generate the first term in Eq. (3), we further introduce two [SU(2)L]-triplet quarks with the hypercharge
±2/3,
TL1(3, 3,+
2
3 ) =

 1√2T+
2
3
L1 T
+ 5
3
L1
T
− 1
3
L1 − 1√2T
+ 2
3
L1

 ,
T ′L1(3, 3,− 23 ) =

 1√2T ′−
2
3
L1 T
′− 5
3
L1
T
′+ 1
3
L1 − 1√2T
′− 2
3
L1

 , (48)
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FIG. 13: Tree-level diagram mediated by the Higgs triplet Σ and the vector-like quark T1 = TL1 + T
′c
L1 for generating the
dimension-6 couplings of the Higgs doublet φ to the left-handed quarks qL and the right-handed up-type quarks uR.
which have the Yukawa and mass terms as below,
δL ⊃ −f ′1iq¯cLiiτ2T ′L1φ˜− f1jTr(TL1Σ)uRj +H.c.
−MT1[Tr(iτ2T
′c
L1iτ2TL1) + H.c.] . (49)
We then can obtain the vector-like quark,
T 1 = TL1 + T
′c
L1 . (50)
The vector-like quark T 1 together with the Higgs triplet Σ can mediate the dimension-6 couplings of the Higgs doublet
φ to the left-handed quarks qL and the right-handed up-type quarks uR at tree level,
L ⊃ −f
′∗
1if1jξΣ
MT1M
2
Σ
q¯Liφ˜uRjφ
†φ+H.c. . (51)
The relevant diagram is shown in Fig. 13.
Alternatively, the first term in Eq. (3) can be induced by introducing two [SU(2)L]-doublet quarks with the
hypercharge ±1/6,
DL1(3, 2,+
1
6 ) =

 D+
2
3
L1
D
− 1
3
L1

 ,
D′L1(3, 2,− 16 ) =

 D′+
1
3
L1
D
′− 2
3
L1

 , (52)
which have the following Yukawa and mass terms,
δL ⊃ −f ′1iq¯cLiiτ2ΣD′L1 − f1jDL1φuRj +H.c.
−MD1(D
′c
L1iτ2DL1 +H.c.) . (53)
As shown in Fig. 14, by integrating out the vector-like quark,
D1 = DL1 +D
′c
L1 , (54)
and the Higgs triplet Σ, we can obtain the expected dimension-6 operator,
L ⊃ −f
′∗
1if1jξΣ
MD1M
2
Σ
q¯LiφuRjφ
†φ+H.c. . (55)
Note after the SM Higgs doublet φ develops its vev,
〈φ〉 =
[ 〈φ0〉
0
]
, (56)
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FIG. 14: Tree-level diagram mediated by the Higgs triplet Σ and the vector-like quark D1 = DL1 + D
′c
L1 for generating the
dimension-6 couplings of the Higgs doublet φ to the left-handed quarks qL and the right-handed up-type quarks uR.
to drive the EW symmetry breaking, the Higgs triplet Σ will acquire an induced vev,
〈Σ〉 =
[ 1√
2
〈σ0〉 0
0 − 1√
2
〈σ0〉
]
with
〈σ0〉 ≃ −
√
2ξΣ〈φ〉2
M
2
Σ
, M
2
Σ =M
2
Σ + κΣ〈φ〉2 . (57)
Since the vev 〈Σ〉 is constrained by the ρ parameter,
ρ = 1+
2〈Σ〉2
〈φ〉2 , (58)
it should be convenient to rewrite Eqs. (51) and (55) by
L ⊃ f
′∗
1if1j(M
2
Σ + κΣ〈φ〉2)〈Σ〉√
2MF1M
2
Σ〈φ〉2
q¯LiφuRjφ
†φ+H.c.
with MF1 =MT1 or MD1 . (59)
Comparing with the above operators in Eq. (3), we can determine
xiju = −
16
√
2π2f ′∗1if1j(M
2
Σ + κΣ〈φ〉2)〈Σ〉
κ3ΣMF1〈φ〉2
. (60)
With the parameter choice (47), the CP violation for the EW baryogenesis can be satisfied,
x33u ≃ 0.74i , (61)
by inputting
f ′13 = if13 =
√
4π , f ′11 = f
′
12 = f11 = f12 = 0 ,
MF1 = 800GeV , 〈σ0〉 = 2GeV , 〈φ〉 = 174GeV . (62)
B. The models with an [SU(2)L]-triplet Higgs with hypercharge
We now consider the models with an [SU(2)L]-triplet Higgs scalar with a nonzero hypercharge,
∆(1, 3,−1) =
[ 1√
2
δ− δ0
δ−− − 1√
2
δ−
]
. (63)
The scalar interactions of the SM then should be extended by
δL = −ξ∆(φ˜T iτ2∆φ˜+H.c.) + Tr[(Dµ∆)†Dµ∆]
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−M2∆Tr(∆†∆)− ζ∆[Tr(∆†∆]2
−κ∆φ†φTr(∆†∆) , (64)
with the covariant derivative,
Dµ∆ = ∂µ∆− ig
[τa
2
W aµ ,∆
]
+ ig′Bµ∆ . (65)
Like the Higgs triplet without hypercharge Σ, the Higgs triplet with hypercharge ∆ can also mediate a one-loop
diagram to induce the expected dimension-6 interaction of the SM Higgs doublet φ,
L ⊃ − 1
Λ∆
(φ†φ)3 with Λ∆ =
4π
κ∆
√
κ∆
M∆ . (66)
Actually, we can easily obtain
Λ∆ ≃ 785GeV for M∆ = 500GeV , κ∆ = 4 . (67)
We also need two [SU(2)L]-triplet quarks with the hypercharge ±1/3,
TL2(3, 3,− 13 ) =

 1√2T−
1
3
L2 T
+ 2
3
L2
T
− 4
3
L2 − 1√2T
− 1
3
L2

 ,
T ′L2(3, 3,+
1
3 ) =

 1√2T ′+
1
3
L2 T
′− 2
3
L2
T
′+ 4
3
L2 − 1√2T
′− 1
3
L2

 , (68)
which have the Yukawa and mass terms,
δL ⊃ −f ′2iq¯cLiiτ2T ′L2φ− f2jTr(TL2∆)uRj +H.c.
−MT2[Tr(iτ2T
′c
L2iτ2TL2) + H.c.] , (69)
or two [SU(2)L]-doublet quarks with the hypercharge ± 76 ,
DL2(3, 3,+
7
6 ) =

 D+
5
3
L2
D
− 2
3
L2

 ,
D′L2(3, 3,− 76 ) =

 D′−
2
3
L2
D
′+ 5
3
L2

 , (70)
which have the Yukawa and mass terms,
δL ⊃ −f ′2iq¯cLiiτ2∆†D′L2 − f2jDL2φ˜uRj +H.c.
−MD2(D
′c
L2iτ2DL2 +H.c.) . (71)
By integrating out the Higgs triplet ∆ and the vector-like quark,
T 2 = TL2 + T
′c
L2 or D2 = DL2 +D
′c
L2 , (72)
we can obtain the following dimension-6 operator,
δL ⊃ −xiju
φ†φ
Λ2∆
q¯LiφuRj +H.c. with
xiju = −
16π2f ′∗1if1j(M
2
∆ + κ∆〈φ〉2)〈∆〉
κ3∆MF2〈φ〉2
,
MF2 =MT2 or MD2 . (73)
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In the presence of the parameter choice (67), a desirable CP violation can be
x33u = 0.95i for
f ′13 = if13 =
√
4π , f ′11 = f
′
12 = f11 = f12 = 0 ,
MF2 = 800GeV , 〈∆〉 = 2GeV , 〈φ〉 = 174GeV . (74)
It should be noted like the vev 〈Σ〉, the vev 〈∆〉 which is given by
〈∆〉 =
[
0 〈δ0〉
0 0
]
with
〈δ0〉 ≃ −ξ∆〈φ〉
2
M
2
∆
, M
2
∆ =M
2
∆ + κ∆〈φ〉2 , (75)
is also constrained by the ρ parameter,
ρ = 1+
2〈∆〉2
〈φ〉2 + 2〈∆〉2 . (76)
Furthermore, the Higgs triplet ∆ can have the Yukawa couplings with the SM left-handed leptons,
δL ⊃ −yl¯cLiτ2∆†lL +H.c. with lL(1, 2,− 12 ) =
[
νL
eL
]
.
(77)
Due to the small neutrino masses, the Yukawa couplings f should be tiny when the vev 〈∆〉 is expected at the GeV
scale. To avoid this fine tuning, we can arrange the Higgs triplet ∆ for a zero lepton number to forbid the above
Yukawa couplings if the lepton number is exactly conserved or is only softly broken.
V. CONCLUSION
Unravelling the true shape of the Higgs potential, the type of the phase transition and the EW baryogenesis is the
central issue after the discovery of the Higgs boson, and is a major goal for the future CEPC. We have investigated
the simple extension of the Higgs sector by introducing the dimensions-6 operators −xiju φ
†φ
Λ2 q¯Liφ˜uRj+H.c.− κΛ2 (φ†φ)3
using the EFT and discussed how to test this scenario at colliders. We have found that the κΛ2 (φ
†φ)3 operator
could provide another possible Higgs potential with the same Higgs mass and vev, easily realize the SFOPT, and
modify the trilinear Higgs boson coupling obviously. The sizable CP violation source can be supplied by the operator
−xiju φ
†φ
Λ2 q¯Liφ˜uRj +H.c. , which can induce the anomalous top quark Yukawa coupling. Both the anomalous trilinear
Higgs boson coupling and the anomalous top quark Yukawa coupling can make contributions to the Higgs boson
pair production at the LHC, and the analytical expressions and the simple numerical results are given in this paper.
The invariant mass distribution of Higgs boson pair at the LHC is expected to be different from the SM prediction
to achieve SFOPT and EW baryogenesis. However, due to the precision limit of the LHC, the CEPC is needed to
precisely test this scenario, and the anomalous coupling can be tested indirectly from the precise measurements of
the Zh production at the CEPC. Besides the investigation using the EFT to get the model independent predictions,
concrete renormalizable models are built, and they can give the concerned dimension-6 operators. The study will help
us to understand the nature of EW symmetry breaking and the origin of BAU from the current LHC experiments
and the future CEPC experiments.
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VI. APPENDIX
The scalar integrals are defined as:
Cij =
∫
d4q
iπ2
1
(q2 −m2t )((q + pi)2 −m2t )((q + pi + pj)2 −m2t )
, (78)
Dijk =
∫
d4q
iπ2
1
(q2 −m2t )((q + pi)2 −m2t )((q + pi + pj)2 −m2t )((q + pi + pj + pk)2 −m2t )
. (79)
The analytic expressions can be found in Ref. [72].
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